The heavy quasiparticle bands in Kondo materials which originate in the hybridization of f-and conduction electrons exhibit numerous, sometimes coexisting, broken symmetry phases. Most notable are unconventional superconductivity, itinerant small moment antiferromagnetism and hidden order of higher order multipoles of f-electrons which all lead to a gapping of the heavy bands. In rare cases the chemical potential lies within the hybridization gap and the ground state is a Kondo semiconductor without ordering. The dynamical magnetic response of such gapped f-electron systems has been investigated with inelastic neutron scattering. It was found that collective spin exciton modes which are due to residual quasiparticle interactions appear below the threshold of superconducting or hidden order gap or directly the hybridzation gap . The spin exciton resonance is commonly located around a zone boundary vector Q with nesting properties in the normal state. In the superconducting case its appearance gives a strong criterion for the gap symmetry requesting a sign change ∆ k+Q = −∆ k due to the coherence factors. Therefore this many body effect with fundamental importance may also be used as a tool to discriminate between proposed gap models. While the spin resonance has been observed for many compounds we restrict our discussion here exclusively to the small group of f-electron superconductors CeCoIn 5 , CeCu 2 Si 2 and UPd 2 Al 3 , hidden order Kondo compounds CeB 6 and URu 2 Si 2 as well as the Kondo semiconductor YbB 12 .
exciton

Introduction
The f-electron based heavy fermion systems, mostly intermetallic Ce-and U-compounds, are schematically described by Anderson-lattice type models which contain conduction electrons, localized f-electrons and a hybridization term. In mean-field approximation the effect of on-site f-electron correlations is taken into account by imposing a total on-site charge constraint on the average. Then the appearance of heavy hybridized bands and associated narrow density of states (DOS) peak around the Fermi level with a width of the order of the Kondo temperature T K may be naturally explained 1 . They are responsible for the typical heavy fermion anomalies in thermodynamic and transport quantities 2 .
Furthermore residual interactions of the heavy quasiparticles which are on-site repulsive but inter-site attractive may lead to the formation of unconventional Cooper pairs and associated superconducting (SC) gap function 3, 4 . Its nontrivial symmetry implies the existence of nodes where the gap vanishes, leading to a power law behavior of the density of states (DOS) of SC quasiparticle excitations. The latter show up as power laws in the temperature dependence of physical quantities like specific heat, thermal conductivity and NMR relaxation which are the first typical signature of an unconventional superconductor. The unconventional gap symmetry not only modifies the low energy quasiparticle spectrum as compared to the fully gapped s-wave case. In favorable situation it may also lead to the appearance of new collective triplet spin exciton magnetic modes inside the SC gap by the feedback effect. The corresponding quasiparticle bound state poles in the dynamical magnetic response function lie at resonance frequencies below the two quasiparticle creation threshold. The wave vector of collective modes is usually close to a nesting vector of the normal state. The observation of a spin resonance is directly tied to the nodal structure of the gap and may be used as a tool to constrain the latter. In this way unexpectedly inelastic neutron scattering (INS) has turned out to be an important tool to investigate non-trivial gap structure of heavy-fermion superconductors.
In this work we review in some detail the theoretical spin exciton models for superconducting CeCoIn 5 , CeCu 2 Si 2 and UPd 2 Al 3 . The large wave vector collective spin exciton is a bound state of quasiparticles. Its physical nature is therefore different from the small wave vector collective "Higgs'-like modes that are associated with long-wavelength amplitude fluctuations of the superfluid density which are directly connected with the spontaneous symmetry breaking 5 . The latter can usually be observed only indirectly through coupling to other lattice modes. Surprisingly spin exciton-like modes have also been found in nonsuperconducting heavy fermion systems. This is possible because the bound state poles may appear whenever there is a near-singular frequency dependence of the real part of the bare susceptibility close to a gap threshold. In the SC feedback system this is ensured by the unconventional coherence factors. However in the case of normal state hybridization gaps or hidden order related gaps it will always be true. This is the reason why the spin exciton was found in the small hybridization gap Kondo semiconductor YbB 12 and the hidden order gapped compounds URu 2 Si 2 and CeB 6 which will all be discussed in detail in this review.
As a final case the rather special superconducting Ce-4f electron based pnictide CeFeAsO 1−x F x will be presented. It exhibits an indirect spin exciton effect which is due to the electronic two -component structure consisting of localized 4f electrons and itinerant 3d electrons in different layers of the crystal. The SC spin exciton which appears in the 3d layers is coupled weakly to the 4f excitations in the Ce layer producing a peculiar feedback effect which is related to the one in UPd 2 Al 3 with its dual 5f electron system.
Electronic Structure of Kondo lattice compounds
The quasiparticles in heavy electron systems may be schematically obtained as low energy excitations of the Anderson lattice model. As a minimum ingredient it contains the conduction electron dispersion ε k (due to a hopping energy t) , localized and degenerate (m = 1...N f ) f-electron states ε f km = ε f k with strong on-site Coulomb interaction U f f and, most importantly a hybridization V km = V k between localized and conduction states. The model may be extended by adding crystalline electric field (CEF), orbital dependent hybridization and Zeeman splitting of the f-level. Furthermore spontaneous order of quasiparticles such as superconductivity, magnetism or hidden order may be described by adding pairing or molecular field terms to the Hamiltonian. First we discuss only the minimum SU (N f ) model and Here λ is a Lagrange parameter introduced to enforce the charge constraint. It shifts the effective f-electron levelε f km close to the chemical potential. The effective hybridizationṼ k is renormalized by the slave boson mean field amplitude b i = r. Together we havẽ
In our subsequent discussion of magnetic response we assume a simplified form of the Anderson model that ignores the k dependence (but not necessarily orbital dependence) of hybridization. This means we effectively set V k =Ṽ . For our purpose this simplification is sufficient, but it cannot always be used, e.g. for the discussion of electronic structure in the pseudogap Kondo insulator CeNiSn 7 or the topological insulators like SmB 6 8-10 . The single particle type mean field Hamiltonian may be diagonalized leading to a quasiparticle Hamiltonian
where ε ± k are the pair (α = ±) of hybridized quasiparticle (a αkm ) bands, each N f -fold degenerate. The indirect gap in Fig. 1 is of the order of the Kondo temperature:
(W, N c (0) are conduction band width and DOS, respectively, J = 2V 2 /|ε f | is the effective on-site exchange constant.) The unitary transformation to these states is given by
with the admixture coefficients defined by
They appear as matrix elements in the numerator of the expression for the bare magnetic response functions, possibly together with coherence factors of the condensed (superconducting or other) phase.
Feedback effect of gap formation in the superconducting phase on dynamic magnetic response
The mean field slave boson theory leads to non-interacting hybridized heavy quasiparticles as sketched in Fig. 1 . However, inclusion of fluctuations beyond mean field approximation 11, 12 introduces residual scattering between the quasiparticles. This has twofold consequences. Firstly it enhances the spin fluctuations which may mediate an unconventional superconducting state 3, 4 . Secondly once the gap is established a superconducting feedback effect may modify the bare spin response strongly at the gap threshold. In conjunction with the quasiparticle interactions this leads to the appearance of a new collective magnetic mode inside the superconducting gap, commonly called spin-exciton bound state or resonance. In the heavy fermion superconductors CeCoIn 5 , CeCu 2 Si 2 and UPd 2 Al 3 where it has been found it may be described within a phenomenological treatment containing the heavy quasiparticle dispersion ε α k (α = ±), their interaction J q and the unconventional gap function ∆ k . While the former two may be reasonably well modeled the latter is usually unknown or several candidates may exist. Then the investigation of the predicted collective modes may give important information on the nodal structure of the possible gap functions. Thus the superconducting feedback effect is not only an interesting many-body effect in itself but also provides important clues on the symmetry of the unconventional gap function.
First we discuss the feedback effect in the superconducting state. For clarity here we suppress the indices (α, m) of hybridized bands and omit their matrix elements. Then the bare magnetic response, restricting to contributions from creation of two quasiparticles 13 (T ∆) at wave vector Q is given by
where
and F (k, Q) are superconducting quasiparticle energy and coherence factor, respectively. The latter exhibits two principally different behaviors at gap threshold Ω c = min k∈F S (|∆ k | + |∆ k+Q |) ≈ 2∆ 0 for creation of two quasiparticles out of the condensate: When the gap function has no sign change at Q, meaning ∆ k+Q = ∆ k ,e.g. for an s-wave gap, then F (k, Q) → 0 vanishes, leading to a soft onset of Imχ 0 (Q, ω) above ω ≈ 2∆ 0 and a corresponding smooth behavior of Reχ 0 (Q, ω) around the threshold. On the other hand, for an unconventional nodal gap with ∆ k+Q = −∆ k , F (k, Q) → 1 leading to a steplike increase of Imχ 0 (Q, ω) above ω ≈ 2∆ 0 and a corresponding singular peak in Reχ 0 (Q, ω). These two distinct cases are sketched in Fig. 2 .
The effective non-retarded quasiparticle interaction J q will enhance the dynamical magnetic response at certain favorite wave vectors, in particular at those connected with the static nesting properties of the heavy electrons. Within RPA approximation the spectrum of spin fluctuations at general wave vector q is given by which is directly proportional to the dynamical structure function and cross section in INS. In the normal state this simplifies to a low frequency AF paramagnon type expression
which peaks at the paramagnon (spin fluctuation) energy scale ω sf (T ). The interaction of quasiparticles caused by exchanging these overdamped bosonic spin fluctuations leads to unconventional superconductivity in the first place 14 . Once the gap is established it is obvious that Imχ RP A (q, ω)
in Eq. (8) should be very sensitive around q ≈ Q to the absence or presence of the sign change ∆ k+Q = ±∆ k . In the latter case the first part in the denominator of Imχ RP A (q, ω) may vanish leading to a bound state pole or resonance (for finite but small Imχ 0 (q, ω)). For T T c its resonance position ω r (Q) is given by the condition
illustrated also by the graphical solution in Fig. 2 . Since the singular Reχ 0 (Q, ω) enabling the solution is only present close q ≈ Q where the sign change appears, the resonance is usually confined to the vicinity of this wave vector. Obviously ω r (Q)/2∆ 0 < 1 must be fulfilled for a true spin exciton resonance split from the continuum of SC quasiparticle excitations. In the known cases (Table 1) this is indeed the case when ω r from INS is compared to the value of 2∆ 0 from tunneling experiments. The spin exci-ton existence and dispersion ω r (q) for general q ≈ Q is determined by two effects: i) the increase in Ω c due to the fact that the sign change condition for the gap is no longer exactly valid ii) the reduction of the quasiparticle interaction which may be modeled by
Both effects support confinement of the bound state solution close to q ≈ Q.
In the above discussion it is assumed that the superconducting gap is much smaller than the normal state hybridization gap. The latter is the indirect gap in Fig. 1a,b which is of the order of the Kondo energy scale T K . Therefore this condition is fulfilled for T c T K which is usually the case in heavy fermion superconductors. The physical reason for the appearance of the superconducting feedback resonance may be summarized in a concise way: The sign change of an unconventional gap function for translation by wave vector Q leads to a constant coherence factor F (k, Q) → 1 for small energies. This means that for sign-changing gap the bare magnetic response is that of a 'semiconductor' at the gap threshold ∼ 2∆ 0 , therefore the excitonic states (in the magnetic spin triplet channel) may exist. This leads to the expectation that the latter are not necessarily tied to the superconducting state. One might suspect that the spin exciton can appear inside the hybridization gap itself or other type of gaps even without superconductivity. Such cases of hybridized f-electron compounds have indeed been found as discussed in Sec. 5. 
Spin excitons in unconventional superconductors
The previous discussion suggests that spin excitons should appear naturally in unconventional superconductors. In fact numerous examples have been observed in the cuprates 16 and pnictides 17, 18 where the d-wave or s ± type gap functions, respectively, exhibit a sign change under the in-plane translation vector Q = ( Well defined spin excitons with energies below 2∆ 0 are found at this wave vector. For cuprates they show a typical 'hourglass' dispersion around Q. However, it should be mentioned that the latter has also been identified in non-superconducting cuprates and cobaltates where they have been attributed to dynamic stripe formation or spiral magnetic correlations (e.g. Ref. 19 ). In the unconventional heavy fermion superconductors these possibilities are excluded. There are three clear examples of spin exciton modes that have been observed at much lower energies ( ∼ 1 meV range) which we will now discuss in greater detail.
Field dependent spin exciton in CeCoIn 5
The CeMIn 5 intermetallic compounds (M= Co, Ir, Rh) 20 are model heavy fermion systems which show both antiferromagnetism (AF) and superconductivity as function of substitution at M sites. The latter appears commonly around the AF quantum critical point which may also be tuned by hydrostatic pressure or external magnetic field. Recently these phases have also been investigated in artificial quasi-2D superlattice structures 21 with alternating magnetic Ce and nonmagnetic Yb layers. Superconductivity is most prominent in CeCoIn 5 with the highest T c = 2.3 K reported in heavy fermion systems. The order parameter symmetry has been among the most controversial with singlet d x 2 −y 2 (node lines along diagonals of the BZ) or d xy (node lines parallel to BZ axes) as originally obtained from field angle-resolved thermal conductivity 22 and specific heat 23 measurements, respectively. The observation of a pronounced spin exciton resonance 24 and its theoretical analysis 25 gave a strong support for the d x 2 −y 2 model. Subsequently this has also been confirmed by specific heat investigations at lower temperatures 26 . A more direct approach to this symmetry issue is provided by quasiparticle interference (QPI) spectroscopy which was proposed to give a fingerprint of the nodal orientation 15 . This has been confirmed in experiments 27, 28 that directly obtain the angular (k-) dependence of the gap function confirming the essential d x 2 −y 2 character. Therefore CeCoIn 5 is a prime example where the observation of a spin reso-nance has given first important clues on the symmetry of the gap function. For magnetically isotropic case the triplet spin exciton should split into three modes in a magnetic field. The splitting, though of different type, has been found for the first time for the resonance mode in CeCoIn 5 As in all other cases a theoretical analysis requires a reasonably realistic model for the underlying heavy quasiparticle bands. Local density approximation (LDA) band structure calculations 31, 32 lead to a multisheet compensated Fermi surface structure where the band14 electron sheet has the largest volume. The LDA band mass which does not incorporate the strong electron correlations is too small by about a factor 20. The mass renormalisation can be achieved within the phenomenological mean-field Anderson lattice type model described in Sec.2. This was carried out for the above main sheet in Ref. 33 by fitting the k-dependence of unhybridized bands and the hybridization matrix elements such that the band14 surface is reproduced. The resulting model Fermi surface is shown in Fig. 3a and it qualitatively agrees with the LDA result, including the proper nesting vector Q = ( In the superconducting state the order parameter has a twofold effect Table 1 . Compilation of experimental spin resonance characteristics in superconducting (top part) and non-superconducting (bottom part) heavy fermion metals and Kondo insulators. Here 2∆ 0 and ∆c denote the quasiparticle charge gap in the SC and non-SC cases, respectively. The resonance appears around nesting vector Q.
[r.l. through gap formation and modification of dipole matrix elements between the SC quasiparticle eigenstates as expressed by the coherence factors. For the The spin exciton is a triplet collective mode, then one may expect that the application of a magnetic field in any direction should lead to a splitting into three components. This was indeed predicted 45 the cuprates, although experimentally not confirmed so far. Evidence of the splitting was, however, reported for 11-type Fe-pnictide superconductors 46 . The similar experiment for CeCoIn 5 29,47 gave the first evidence for spin exciton splitting in heavy fermion superconductors, albeit with a surprising modification: i) The splitting is only observed for tetragonal inplane field, for field along the c-axis only a broadening and downward shift of the resonance occurs. ii) For field in the plane the resonance splits into only two instead of the expected three longitudinal and transverse polarized modes. To explain these observations it is not possible to argue on the level of Zeeman splitting of localized CEF states, but rather one has to investigate how the full many-body RPA response of heavy quasiparticles is modified in the presence of a Zeeman term and CEF introduced effective anisotropies: The heavy bands will split in a magnetic field leading to different longitudinal and transverse bare Lindhard functions which changes the resonance condition in the denominator of the RPA dynamic susceptibility. This may ensue the splitting or broadening of the collective spin exciton depending on field direction 30 . The latter enters through the CEF potential that imprints an effective g-factor anisotropy on the Γ
7 ground state doublet, in addition the effective quasiparticle interactionĴ q will be an anisotropic (uniaxial) tensor. This leads to a collective RPA susceptibility that has both out-of plane (longitudinal zz) and in plane (circularly porlarized ±, ∓) contributions which add differently for in-plane (B = Bx) and out-of plane (B = Bẑ) fields. We obtain Bx :
where the combined interaction parameters are defined by λ l = m 2 l J l q (l = , ⊥ to tetragonal plane) and m l , J l q are anisotropic CEF ground state matrix elements and quasiparticle interactions, respectively. Due to the sign change ∆ k+Q = −∆ k for nesting momentum Q, Imχ 0 (Q, ω) remains zero for the low frequencies and then shows a sudden jump at the onset frequency of the quasiparticle continuum close to Ω c = min(|∆ k | + |∆ k+Q |). This happens around 2∆ 1 ∆ 0 , where 2∆ 1 is the main gap in the SC DOS in (Fig.3.b) Fig. 5a,b. On the other hand for B z no splitting but only a broadening and downward shift occurs as shown in the inset of Fig. 5b . For B = Bx the splitting of the bare susceptibility peak in Fig. 5a is symmetric, however the field dependent splitting of the resonance positions in Fig. 5b show asymmetry already for moderate fields. This is due to the fact that they are determined by the zeroes in the denominators in the RPA susceptibility of Eq. (10) and therefore the splitting must be asymmetric even though that of the χ ± 0 , χ ∓ 0 peaks is symmetric. For higher fields a large nonlinear downward shift occurs in Fig. 6 before the resonance peaks can no longer be identified. It has been proposed that a spin exciton condensation into a SDW phase inside the SC phase occurs at large fields 49 .
CeCu 2 Si 2 : spin exciton at incommensurate wave vector
The observation of spin excitons in heavy fermion superconductors by INS is a challenge due to the small SC T c values and gap amplitudes ∆ 0 which necessarily imply a small resonance energy ω r < 2∆ 0 , usually close to the experimental resolution limit. In that respect CeCoIn 5 is a relatively favorable case (see Table 1 ) because it has the largest T c in that class. More demanding is CeCu 2 Si 2 where the observation of a resonance finally succeeded 34, 35 at ω r = 0.2 meV. As a major difference to the other examples in Table 1 it is observed at an incommensurate wave vector equivalent to Q = (0.215, 0.215, 0.458). It corresponds nicely to the nesting vector of the main heavy Fermi surface columns of CeCu 2 Si 2 obtained in renormalized band structure calculations 50 shown in Fig. 7a . The nesting appears within each column in contrast to CeCoIn 5 where different, diagonally opposite columns in Fig. 3 are involved. The calculated magnetic spectrum in the B 1g d x 2 −y 2 state 25 is shown in Fig. 7b . As in CeCoIn 5 it is found experimentally that the resonance is confined to the nesting vector. In the RPA expression of the spectrum this is achieved by assuming a quasiparticle interaction J q that decays rapidly away from Q (see Sec. 3) such that the resonance condition Eq. (9) is only fulfilled in the immediate vicinity of Q. Again the resonance only appears for the B 1g d x 2 −y 2 gap function. Even though Q is incommensurate ∆ k+Q = −∆ k for most of the momenta, where k and k + Q are lying now on the same FS column (Fig. 7a) . Therefore the observation of a spin exciton resonance rotating field have been found and existence of a small but finite gap was concluded 51 .
Satellite feedback resonance in UPd 2 Al 3
The third example where a feedback resonance has been observed in a heavy fermion superconductor is the hexagonal UPd 2 Al 3 compound which has a few special aspects: Firstly the SC phase with T c is embedded deeply in an AF phase (T N =14.3 K) which has considerably large moments (µ = 0.85µ B /U-site) and shows FM ordered ab planes stacked antiferromagnetically along c corresponding to Q = (0, 0, π c ). Because the product of translation and time reversal is still a symmetry operation the heavy bands have a remaining effective Kramers degeneracy, enabling the coexistence with singlet pairing. The d-wave function was identified 52-54 from thermal conductivity in rotating field as ∆ k = ∆ sc 0 cos k z which has nodal lines lying in the AF Bragg planes (inset of Fig. 8 ) such that the sign reversal property ∆ k+Q = −∆ k is fulfilled for the AF ordering vector. This raises the possibilty of a spin exciton appearing below T c around this wave vector. However, there is a second aspect to be considered: The heavy 5f quasiparticles in UPd 2 Al 3 retain a partly localized character. A simplified "dual model" of U 5f
3 -electrons may be constructed 56, 57 where two electrons are localized forming CEF states with a small singlet-singlet splitting ∆ 5.5 meV. The remaining one is in a quasi-2D conduction band k (with little dispersion along k z ) that exhibits on-site exchange-coupling with strength g to the virtual singlet-singlet excitations, leading to an effective mass enhancement. These disperse into a band ω q of (normal state) magnetic CEF excitons between 1.5-8 meV by effective inter-site exchange. This model is described by
where λ 2 q = ∆/ω q and c † q , α † q create the conduction electron and CEF exciton, respectively. Furthermore m Q is the amplitude of the staggered magnetization that reconstructs the conduction electron band in the magnetic BZ. Its cylindrical FS is shown in the inset of Fig. 8a . The dispersive CEF excitations 56 may be described by a simplified phenomenological form as ω q = ω ex (1+β cos q z ) with ω ex ≡ ∆ = 5.5 meV , β = 0.72 55 . In fact INS shows that they disperse mostly along k z direction 58 . In the normal state this model predicts both the mass enhancement of conduction electrons and superconducting instability due to renormalization by or exchange of bosons, respectively 59 . In the superconducting state with ∆ k = ∆ sc 0 cos k z the coupled magnetic excitations are described by the renormalized boson propagator associated with α † q :
where ∆χ 0 (q, ω) is the change in conduction electron susceptibility due to the feedback effect of superconducting gap, similar to Eq. (7), and the AF band reconstruction. The coupled magnetic modes in the SC phase are the poles of the above propagator and approximately given by Fig. 8a . Therefore in UPd 2 Al 3 the feedback effect leads to a satellite resonance around wave vector Q with frequency ω r in addition to the CEF exciton ω + Q which exists already in the normal state. The latter is not present the Ce-compounds because there are no low lying CEF excitations. The dispersion of satellite and CEF exciton away from the AF zone boundary (Q) along q z is shown in Fig. 8b . It demonstrates that both modes are dispersing in parallel and the resonance mode has the strongest intensity close to Q, much stronger than the intensity of the high energy CEF exciton peak. These results agree well with observations from INS 36,37 .
Spin excitons in Kondo insulators and hidden order compounds
We have shown that the observation of the spin exciton resonance in unconventional superconductors hinges critically on two aspects: Firstly there should be a heavy FS sheet with a, preferably commensurate, nesting vector Q that leads to an enhanced static spin response in χ 0 (Q, 0) already in the normal state. Secondly at this wave vector the sign change ∆ k+Q = −∆ k of the SC gap function should occur which further enhances the dynamic magnetic response χ 0 (Q, ω) at frequencies ω ≈ 2∆ 0 . This leads to a possible spin exciton bound state pole for ω r < 2∆ 0 in the collective response Imχ RP A (Q, ω) that shows up as sharp peaks in INS cross section. As shown in Sec. 3 the role of the sign change is to ensure a finite coherence factor at gap threshold which leads to a step in Imχ 0 (Q, ω) around ω 2∆ 0 and a corresponding peak in Reχ 0 (Q, ω). This means the unconventional gap function property ensures the "semiconducting" normal state -type behavior of the magnetic response at Q.
Then one may question whether such spin exciton formation can be seen already directly in the normal state of Kondo lattice compounds, provided there is some kind of gap close to the Fermi energy. The gaps available are directly the hybridization gap itself and/or additional gaps introduced by hidden or magnetic order. There are indeed a few such candidates of nonsuperconducting Kondo compounds which clearly exhibit the spin exciton formation and they will be discussed now. 
Spin exciton resonance in the hidden order Kondo metal CeB 6
Hidden order in the bcc heavy fermion metal CeB 6 has a long history like that of URu 2 Si 2 but contrary to the latter its symmetry is well known. This may be due to the fact that 4f electrons in CeB 6 are more strongly localized than their 5f counterparts. In such case the possible order parameters can be classified according to the electronic multipoles of the 4f-shell 61, 62 . The seriously raised this issue. They have shown that CeB 6 exhibits a magnetic low energy mode in zero field that has all the basic features of an itinerant spin exciton resonance in the unconventional superconductors: i) it has a sharp energy of ω r = 0.5 meV, ii) it is confined to the AFQ momentum Q' ( simple cubic R-point).
iii) The temperature dependence of ω r and its intensity increase in an order-parameter like fashion with decreasing temperature and simultaneously the intensity for ω < ω r is depleted, i.e. a spin gap forms. Since there is no superconducting feedback effect one must conjecture that the hybridization gap and the additional gaps introduced by the orderings lead to the necessary singular behavior of the bare magnetic susceptibility to allow for a bound state. This may be described by the mean field hybridization model of Eq. (2) supplemented by the effect of the molecular fields due to AFQ and AFM order which lead to the additional gapping of the mean field quasiparticle spectrum 60 . These terms are given by
and
Here τ = ± denotes the pseudo-orbital and σ = ± the (Kramers-) pseudo spin degree of freedom of the Γ 8 quartet states. To find the magnetic excitations we need the dipolar susceptibility χ 
where we defined s = (α, k + q, m 1 ) and s = (α , k, m 2 ). It contains the effect of the new quasiparticle energies in the Green's functionsĜ 0 ss and matrix elementsρ α α k,q reconstructed by the molecular fields of Eqs. (14, 15) , similar to the coherence factors in the superconducting case. The effect of this reconstruction due to AFQ/AFM gap openings is seen in Fig. 9a . The magnetic response is pushed to higher frequencies and the real part is considerably enhanced in the ordered phase. As a consequence the RPA susceptibility
develops a bound state pole due to the effect of the ordering. This is seen from Fig. 9b where below T Q and in particular T N a sharp resonance evolves around the AFQ ordering vector q ≈ Q at an energy ω r /∆ c = 0.64 for T → 0. Here ∆ c is the indirect hybridization charge gap (Table 1) observed in point contact spectroscopy 41 and illustrated by the DOS in Fig. 1b . The momentum dependence of the spectrum along BZ diagonal ΓR-line is shown in Fig. 10a . It demonstrates the confined resonance excitation at ω r and the existence of the spin gap (ω ω r ), both at the R-point. Away from the R-point the low energy spin fluctuations of the metallic state are present. The complementary Fig. 10b shows the magnetic intensity in the (hhl) scattering plane precisely at ω = ω r . It piles up at the resonance location R and decays rapidly away from it. The similar plot for ω ω r would show the "negative" of that figure with very low intensity at the spin gap region around R.
Dispersive spin exciton mode doublet in the hybridization-gap semiconductor YbB 12
In CeB 6 the resonance is tied to the appearance of the hidden and AF order that enhance χ zz 0 (q, ω) which enables the existence of a pole in Eq. (17). One might, however, suspect that this is not apriori necessary and under favorable conditions the resonance appears already without the support of additional gapping by the effect of order. This case is realized in cubic YbB 12 71 . The compound is a true Kondo semiconductor with equal spin and charge gap of ∆ c ∼ 15 meV 42 and without any ordering. The 4f-hole in
Y b
3+ has a lowest J = 7/2 multiplet which is split by the CEF into a Γ
(1) 8
ground state and two close by doublets which we simplify as another pseudoquartet Γ
8 . Then the model in Eq. (2) has to be slightly generalized according to f → f +∆ Γ and V → V Γ to include the CEF splitting ∆ 2 −∆ 1 of the two quartets and in particular their different average hybridization
Then we obtain two sets of quasiparticle bands with different size of the hybridization gap as seen in the inset of Fig. 11 . The corresponding bare susceptibility is now given by
which then implies that the collective RPA susceptibility has contributions from the two sets of bands according to
where the effective interaction J Γ (q) will also depend on the quartet state. This means that one obtains two split collective modes with different energies if the resonance condition is fulfilled for each Γ. This is shown in Fig. 11a where two resonance peaks appear at the Q = (
2 ) bct Lpoint right on top of the single particle hybridization gap. This wave vector corresponds to the low energy indirect interband (±) excitations across the hybridization gap (see illustration in Fig.1 ). When the momentum decreases away from the L-point the interband excitation energies increase from the indirect band gap ∼ T K at Q to the direct band gap ∼ 2Ṽ Γ T K for q → 0. This leads to a decrease of Reχ ΓΓ 0 (q, ω) for fixed ω and therefore the resonance condition becomes harder to fulfill for both modes. Finally at about one third into the BZ the intensity of the spin excitons vanishes as seen in Fig. 11b . The upward dispersion of the split modes is again due to the behavior of Reχ ΓΓ 0 (q, ω) whose maximum in q, ω-plane moves to larger energies with decreasing |q|, this also results in larger energies of the two resonances (Fig. 11b) . The model parameters have been adapted to reproduce the hybridization gap, the observed resonance energies and the dispersive features. It is interesting to speculate what would happen if they could be tuned physically. A decrease of the former (or an increase in J Γ (q)) might in principle lead to a soft spin exciton mode at the L-point producing an antiferromagnetic Kondo insulator.
5.3.
Commensurate spin exciton resonance in the hidden order phase of URu 2 Si 2
The most well studied f electron compound with HO below T HO = 17. doublets of j = 5/2 multiplet. These jj-coupled single particle states are described by the basis
with CEF splitting ∆ f and mixing angle θ determined by the tetragonal CEF parameters. Within this basis the kinetic energy of heavy 5f quasiparticles is 77 :
where A energies and f-hopping matrix elements. This leads to four effective 5f-electron bands in the simple tetragonal BZ (downfolded by HO vector Q,
The resulting Fermi surface cut with k z = 0, consisting of electron and hole pockets around bct Γ, Z points and projected into the simple tetragonal BZ, is shown in Fig. 12a . Due to the electron-hole nesting property for wave vector Q an instability may occur. that HO breaks i) translational symmetry (HO is of antiferro type with Q = (0, 0, 1)) ii) rotational C 4 in-plane symmetry and iii) presumably time reversal invariance. The most likely candidate is then a rank-5 E − "dotriacontapole" which leads to a molecular field term in the Hamiltonian given by (κ = 1/(2 √ 2))
In the original f M (|M | ≤ 2 ) CEF states used in Eq. (20) this corresponds to electron-hole pairing where the pairs have a maximum angular momentum difference ∆M = ±5 equal to the rank. Here we introduce the HO vector φ Q = (φ x , φ y ) which expresses the twofold degeneracy of E − representation, furthermore σ = (σ x , σ y ). Therefore right at T HO the HO phase has continuous U (1) symmetry which is lifted by higher order terms in the free energy below T HO , selecting a direction for φ Q . From torque experiments 76, 78, 79 it is concluded that a phase with equal components φ x = φ y called E − (1, 1) phase is realized. It reconstructs the Fermi surface by gapping out the states connected by the nesting vector (the crossing region in Fig. 12a,b) . This leads to a strong reduction in charge carrier DOS at the Fermi level with increasing φ Q (Fig. 12c ) and the typical singular bare magnetic response for frequencies around the HO gap ∆ c similar to CeB 6 . Then it is suggestive that a collective spin exciton resonance will appear within the gap at the nesting or HO vector Q. This has indeed been found in polarized INS experiments 38, 73 . It was shown that: i) The resonance only appears in the longitudinal ( z-axis) response at an energy ω r = 1.86 meV corresponding to ω r /∆ c = 0.45 where ∆ c = 4.1 meV is the HO charge gap obtained from STM results 39 .
ii) The integrated intensity of the resonance shows a clear order parameter (BCS)-type temperature dependence below T HO . iii) The resonance vanishes above the critical pressure when HO is destroyed. This proves clearly that the commensurate spin exciton resonance at Q is closely linked to the appearance of FS gapping caused by hidden order.
Feedback effect on magnetic excitations in Ce-based Fepnictide superconductors
The Fe-pnictides are not strongly correlated systems, nevertheless we discuss here one example where an indirect superconducting feedback effect on Ce 4f excitations was found in CeFeAsO 1−x F x (x = 0.16 and T c = 41K) 80 .
In Fe-pnictide superconductors the unconventional s ± gap function changes sign between the Γ(0, 0) centered hole and M (π, π) -centered electron pockets. The sign change was proven directly by the phase sensitive QPI method in magnetic fields 81 . Already before it was suggested that the s ± -state should lead to the appearance of a spin exciton resonance below T c at the AF nesting wave vector Q=(π, π) (folded BZ) 18 . This has indeed been found in many Fe-pnictide systems 17, 82 , giving strong support for the s ± nature of the gap function. The spin exciton in this case is to be viewed as a collective Fe-3d electron magnetic mode in the 2D superconducting FeAs planes.
In CeFeAsO 1−x F x ,however, there are two magnetic subsystems present which are a large distance apart. These are the tetrahedrally coordinated FeAs-planes with 3d electrons separated by spacer layers of CeO pyramides with 4f electrons. The 3d electrons are in itinerant conduction states that interact via Coulomb repulsion, leading to spin fluctuations, superconductivity and the feedback spin exciton. The well localized 4f electrons in Ce layers have negligible direct intersite interaction among themselves, but due to the extended 3d wave functions the 4f moments will be weakly coupled to the 3d layers via exchange interaction. Therefore the Ce 4f moments may act as probes to the magnetic dynamics of the 3d subsystem. If the latter develops a collective spin exciton below T c this should have an effect on the 4f magnetic excitations due to the Fe-Ce interlayer exchange. Furthermore the tetragonal CEF splits the J = 5/2 4f states into three Kramers doublets. We restrict to the ground state |0 (ε 0 = 0) and first excited state |1 doublet at ε 1 ≡ ∆ f = 18.7 meV. Then the interlayer exchange coupling will influence the 4f-CEF transition with energy ∆ f , affecting both position and line width. One would expect that the latter strongly decreases in the SC state due to the opening of the gap and reduction of Landau damping effects on localized ∆ f excitations. Surprisingly the opposite was found 80 :
The 4f CEF line width shows a considerable increase, indicating an anomalous spin dynamics in the 3d-electron system to which it is coupled. This remarkable observation was explained by a two component model 83 defined
The first term describes isolated CEF split (γ = 0, 1) 4f states in Ce layers the second and third term describe the correlated 3d electrons in FeAs layers and the last term presents the interlayer exchange between localized 4f moments with total angular momentum J i and itinerant 3d spins s i . Without the last term the separate magnetic response in 4f, 3d layers is given, respectively, by 
Here u α (ω) is susceptibility of an isolated 4f CEF doublet-doublet system with splitting ∆ f and dipolar matrix element m
and χ
RP A is the collective susceptibility of the 3d subsystem in the SC state with s ± gap function ∆ k = (∆ 0 /2)(cos k x + cos k y ). It will develop the spin exciton pole at ω r < 2∆ 0 at ΓM nesting vector Q = (π, π) below T c because of ∆ k+Q = −∆ k . For the coupled system including the last term in Eq. (24) the f-electron response is then described by
Its spectral function may be characterized by the position and damping of the pole in this expression which are obtained as
The selfconsistent solution of the first equation describes the shifted CEF excitation ω q of Ce around ∆ f and the second its line width Γ q , both caused by the exchange coupling ∼ I 0 to the itinerant 3d electrons. These effects are directly proportional to the 3d conduction electron magnetic response in the FeAs layer. If the latter develops a spin exciton resonance below T c it will be probed by level shift and line width of the CEF excitation. This has indeed been observed experimentally 80 . The theoretical results are presented in Fig. 13a showing the evolution of the 4f spectral function around ∆ f as function of temperature. The insets depict the corresponding position and line width dependence of the renormalized CEF peak on temperature. Obviously the line width increases below T c , opposite to the behavior in conventional superconductors, because of the coupling to the resonant feedback effect in the superconducting 3d subsystem. In Fig.13a we use a subcritical I 0 < ∆ 0 which leads to shift and broadening of the CEF excitation in qualitative agreement with experiment. However, it is instructive to consider also the critical case I 0 ∆ 0 . Then the first of Eq. (27) will have two solutions, the shifted ∆ f level and a new sharp satellite at lower energy. The resulting 4f-spectral function is shown in Fig. 13b as function of temperature. Approximately the two peak positions are given by
where ω r , z r are position and residue of the resonance peak in the 3d spin susceptibility. This case is remarkably similar to the previously discussed 5f electron spectral shape in UPd 2 Al 3 . It also develops a shifted CEF and additional satellite peak in the SC state described by Eq. (13) and shown in Fig. 8 . However, the physical situation is qualitatively different: While in UPd 2 Al 3 one has only 5f electrons in orbitals with different degree of localization at the same sites as described by the dual model, in CeFeAsO 1−x F x the subsystems of localized 4f and itinerant 3d electrons are spatially separated in different layers. The anomalous behavior of CEF excitations in CeFeAsO 1−x F x is a strong indirect evidence for the 3d spin exciton in superconducting FeAs layers. We note that subsequently their presence has been directly confirmed by INS in the isostructural LaFeAsO 1−x F x compound that has no 4f electrons 84 .
Conclusion and Outlook
In this survey we discussed the theoretical investigations on the collective spin exciton of strongly correlated f-electron systems. These modes are found inside small quasiparticle excitation gaps resulting from superconductivity, hidden order or directly from the hybridization. They are bound states of quasiparticles whose signature is a pole or sharp resonance in the dynamical magnetic response. Usually they are confined to the narrow vicinity of a nesting wave vector Q of the Fermi surface which frequently is a zone boundary vector. This leads to a large magnetic response already in the normal state and is favorable for satisfying the bound state condition. The spin exciton has the following signatures: i) The resonance energy ω r fulfils ω r /2∆ < 1 where 2∆ is the superconducting or normal state quasiparticle excitation gap. ii) If the latter shows the temperature dependence of an order parameter the energy and intensity of the resonance follows that temperature dependence. iii) The piling up of intensity at the resonance position leads to the evolution of a spin gap (intensity depletion) at lower energies.
For spin exciton modes to form in unconventional superconductors, it is necessary that the gap respects the sign change condition ∆ k+Q = −∆ k at the resonance wave vector. Only then the non-vanishing coherence factors close to the gap threshold allow for a singular magnetic response and bound state formation. This condition gives an important criterion for the symmetry of the SC gap functions and was used in all heavy fermion superconductors discussed above. In Kondo semiconductors or heavy electron metals when the gap is due to hybridization or hidden or magnetic order, no such condition is necessary or possible because the dynamic magnetic response function is always of the semiconducting type without coherence factors that might vanish. Therefore the observation of a resonance in this case does not allow direct conclusions on the symmetry of the hidden order.
Of particular interest is the behavior of the spin exciton in a magnetic field. As a triplet mode it should split into three components as predicted for cuprates. Such pioneering experiments were carried out in CeCoIn 5 with the surprising result of a splitting into a doublet or only a shifting of the resonance, depending on field direction. This was explained as an effect of anisotropies of g-factors and quasiparticle interactions. It is not clear what happens to the splitting at larger field when the upper mode merges into the quasiparticle continuum and the lower mode approaches softening conditions. Therefore INS investigation in higher fields than previously are desirable in this compound.
The resonance and spin gap formation may also have indirect consequences on thermal transport and microwave conductivity because it influences the lifetime of charge carriers. In the superconductors this leads to strong deviations from canonical BCS type temperature behavior of these quantities. Such effects have possibly been found in cuprates and pnictides that exhibit spin resonances but have received little theoretical attention so far. Finally we mention that the spin exciton modes may have been found in other non-superconducting f electron systems like the second 4f hexaboride SmB 6 85 and the cage compound CeF 2 Al 10 . On the other hand experiments to find a spin exciton in the unconventional heavy fermion superconductor UBe 13 86 are inconclusive.
